Malaria is a worldwide public health problem; parasites from the genus Plasmodium are the aetiological agent for this disease. The parasites are mostly diagnosed by conventional microscopy-based techniques; however, their limitations have led to under-registering the reported prevalence of Plasmodium species. This study has thus been aimed at evaluating the infection and coinfection prevalence of 3 species of Plasmodium spp., in an area of the Colombian Amazon region. Blood samples were taken from 671 symptomatic patients by skin puncture; a nested PCR amplifying the 18S ssRNA region was used on all samples to determine the presence of P. vivax, P. malariae and P. falciparum. Statistical analysis determined infection and coinfection frequency; the association between infection and different factors was established. The results showed that P. vivax was the species having the greatest frequency in the study population (61.4%), followed by P. malariae (43.8%) and P. falciparum (11.8%). The study revealed that 35.8% of the population had coinfection, the P. vivax/P. malariae combination occurring most frequently (28.3%); factors such as age, geographical origin and clinical manifestations were found to be associated with triple-infection. The prevalence reported in this study differed from previous studies in Colombia; the results suggest that diagnosis using conventional techniques could be giving rise to underestimating some Plasmodium spp. species having high circulation rates in Colombia (particularly in the Colombian Amazon region). The present study's results revealed a high prevalence of P. malariae and mixed infections in the population being studied. The results provide relevant information which should facilitate updating the epidemiological panorama and species' distribution so as to include control, prevention and follow-up measures.
Introduction
Correctly identifying the pathology's causative agent is essential for treatment scheme administration and success, as well as strengthening and understanding infection dynamics aimed at adjusting public health programmes, considering the real panorama of the cases caused by this parasite [25] .
This study was thus aimed at evaluating the infection and coinfection prevalence (simultaneous infection by multiple Plasmodium spp. species) of different Plasmodium species (vivax, falciparum and malariae) in a region of the Colombian Amazonian department. Under-registering of the prevalence reported for some species of Plasmodium spp. was found, as was a correlation between some factors associated with this disease. Such results portray a large-scale epidemiological problem concerning the correct diagnosis and subsequent treatment of the disease. Therefore, the present study represents a contribution towards knowledge regarding the dynamics of these infections in order to provide useful tools for strengthening existing measures for managing and preventing malaria.
Methods

Study population
The samples analysed in this study came from the municipalities of Leticia and Puerto Nariño in Colombia's Amazonas department. Leticia has a projected population of 41,326 and Puerto Nariño 8,162 inhabitants, according to the Amazonas department's development plan 2012-2015. The study took place in 53 settlements on the banks of the Amazon and Loretoyacu rivers which are located on the Amazonian frontier with Brazil and Peru (Fig 1, S1 Table) .
Sample size calculation and collection
This was a cross-sectional study; sample size was calculated using Epi Info 7 software, by assuming a 4.8% estimated prevalence in a similar population, having 5% significance level and a 95% confidence interval [26] . The minimum required sample size was thus 640 samples.
The inclusion criteria for obtaining samples took the following into account: patients who were symptomatic for malaria (headache, fever during the last 8 days, sweating, vomiting and/ or diarrhoea), inhabitants living in the south of the Colombian Amazon region (previously described communities). The blood samples involved in this research were collected by Fundacion Instituto de Inmunología de Colombia (FIDIC) personnel between July and September 2015. Samples were obtained by skin puncture, collected on Flinders Technology Associates' (FTA) cards and stored for subsequent Plasmodium spp. species' detection by PCR.
Ethics statement
Every individual signed an informed consent form after having received detailed information regarding the study's objectives and answering a survey aimed at collecting sociodemographic characteristics. The informed consent form and survey were signed/filled out by a parent or tutor for patients aged less than 18 years-old and supervised by witnesses. This study was approved and supervised by the Universidad del Rosario's School of Medicine and Health Sciences' (EMCS) Research Ethics Committee (CEI) (Colombia: resolution CEI-ABN026-000161).
Sample processing and molecular diagnosis of Plasmodium species
Genomic DNA samples were extracted from each drop of blood collected on the FTA cards using a Pure Link Genomic DNA mini kit (Invitrogen) according to the manufacturer's specifications. The samples were eluted in a 50μL final volume of buffer containing 10 mM Tris-HCl, pH 9.0 and 0.1 mM EDTA. PCR was used for all samples, using primers directed at a segment of the human β-globin gene to guarantee the presence of DNA [27] .
Samples proving positive by the PCR targeting the β-globin gene, were then submitted to nested PCR for identifying Plasmodium species; identification was done with specific primers for the parasite's 18S ribosomal small subunit RNA (ssRNA) (S2 Table) [28] . The first PCR mixture contained 1X buffer, 3.8 mM MgCl 2 , 1.4 mM dNTPs, 0.2μM primers, 1U/μL Taq polymerase (Biolase DNA Polymerase, Bioline), 2μL genomic DNA and molecular grade water up to 21 μL final volume. Amplification conditions were: 95°C x 5 min, followed by 25 cycles at 94°C x 1 min, 58°C x 2 min and 72°C for 2 min and a final extension step at 72°C for 5 min. The amplification product from the first PCR was used as template for a second PCR for type specific identification of Plasmodium spp. (P. falciparum, P. vivax and P. malariae), using specific internal primers for each species [28] . The conditions for the mixture used in this second PCR were: 1X buffer, 4 mM MgCl 2 , 2.5 mM dNTPs, 0.25 μM primers, 0.5 U/μL Taq polymerase, 2μL of the first PCR amplification product, and molecular grade water (for 20μL final volume). Amplification conditions were: 94°C x 5 min, followed by 35 cycles of 94°C x 30 sec, 58°C x 1 min and 72°C x 4 min with a final extension step at 72°C for 4 min.
DNA samples from the different Plasmodium spp. species (P. falciparum, P. vivax and P. malariae) were used as positive controls and ultrapure distilled water (Gibco) was used as negative control. All the products obtained were analysed on 2% agarose gels, stained with SYBER safe (Invitrogen) and visualised on a MiniBIS Pro (DNR Bio-Imaging Systems) image analyser. Considering the unexpectedly high prevalence of coinfection between Plasmodium spp. species found in the study, 10% of the second PCR products were randomly selected to be sent for sequencing in an ABI-3730 XL sequencer (Macrogen, Seoul, South Korea).
Statistical analysis
Quantitative Plasmodium spp. species' detection by PCR was reported as the mean and standard deviation (SD), whilst categorical variables were reported as percentages. Infection prevalence was presented in percentages with their respective 95% confidence intervals (CI). Plasmodium spp. species distribution was analysed according to geographical origin; Fisher's exact test and χ 2 were used for evaluating all the differences regarding percentages (according to the case). Variables such as age, gender, insecticide use, bednet use, geographical origin, having stagnant water nearby, the type of housing and clinical symptoms (fever, headache, vomiting, chills, diarrhoea or changes in urine) were treated as categorical variables. The strong association between the variables was established using odds ratios (OR) with 95%CI. A theoretical direction was established for analysing them, where the dependent variables were the infecting Plasmodium spp. species (P. falciparum, P. vivax or P. malariae) and the state of infection (single, double-or triple-infection) whilst the independent variables became the categorical variables. The multivariate model was adjusted for age, gender, protection barriers (insecticide and bednet use), environmental factors (geographical origin, having stagnant water nearby, type of housing) and symptoms (fever, headache, vomiting, chills, diarrhoea or changes in urine). All hypothesis tests were fixed at 5% significance. Stata11 software was used for statistical procedures.
Results
675 patients met the inclusion criteria and were thus invited to participate in the study; 4 of them were excluded as their samples could not be amplified for human β-globin. This gave 671 patients, aged 1 to 94 years-old (mean age 27.4; SD = 19.4), who were included in the statistical analysis; 51.1% (n = 343: 47.2-54.9 95%CI) of the study population were male and 48.9% female (n = 328: 45.0-52.7 95%CI). The sociodemographic characteristics were categorised into two groups according to geographical location: zone 1 covered banks of the Amazon River and zone 2 the banks of the Loretoyacu River (Fig 1) . The estimator revealed differences in some sociodemographic variables according to geographical area, such as access to public services (water, sewerage system, electricity supply and gas). Greater exposure to environmental factors (type of housing, having stagnant water nearby) associated with the risk of Plasmodium spp. infection was found for area 2 (Table 1) .
Of all the samples analysed by PCR, 79.1% (n = 531: 75.8-82.1 95%CI) proved positive for Plasmodium spp.; regarding species distribution, P. vivax had the greater infection prevalence (61.4% of the infections; n = 412: 57.6-65.1 95%CI) followed by P. malariae (43.8%; n = 294: 40.0-47.6 95%CI) and then P. falciparum (11.8%; n = 79: 9.4-14.4 95%CI) (Fig 2A) .
Regarding species distribution according to geographical origin, P. vivax was found to be the most prevalent species (57.3%; n = 236: 52.3-62.1 95%CI) whilst P. falciparum had the greatest species frequency for zone 2 (64.6%; n = 51: 52.9-74.9 95%CI). Such distributions were statistically significant (p<0.001). P. malariae distribution was similar in both areas, showing no statistically significant differences (p = 0.412) (Fig 2B) .
Interestingly, high coinfection prevalence was found (defined as simultaneous infection by two or more different species of Plasmodium spp.) in the study population. Coinfection was found in 35.8% of the samples analysed (n = 240: 32.1-39.5 95%CI); the most frequently occurring combination was P. vivax/P. malariae (28.3%; n = 190: 24.9-31.8 95%CI), followed by P. vivax/P. falciparum (3.7%; n = 25: 2.4-5.4 95%CI) and P. falciparum/P. malariae (1.5%; n = 10: 0.7-2.7 95%CI). It was also found that 2.1% of the patients were infected by three Plasmodium spp. species (n = 14: 1.1-3.4 95%CI) ( Fig 3A) . P. vivax/P. malariae was the most frequently occurring combination in both areas analysed without statistically significant difference between them (p = 0.049). P. falciparum/P. malariae coinfection was greater in zone 2 than zone 1 (2.8%; n = 9: 1.2-5.1 95%CI). Triple infection was most prevalent in zone 2; however, the difference was not statistically significant (p = 0.107) (Fig 3B) . Considering the unexpectedly high rate of coinfections, amplicons coming from 10% of the samples showing coinfection when analysed by PCR were sequenced and the diagnosis was confirmed in all of them. After calculating the association between the different infections for each species with related factors (age, gender, insecticide use, bednet use, geographical origin, stagnant water nearby, type of housing and clinical symptoms), P. vivax was seen to have increased Prevalence of coinfection by area of the study population analysed. Abbreviations: P.v/P.f: P. vivax/P. falciparum, P.v/P.m: P. vivax/P. malariae, P.f/P.m: P. falciparum/P. malariae, P.v/P.f/P.m: P. vivax/P. falciparum/P. malariae. Table 2) .
Regarding P. falciparum, regression analysis revealed the association of risk of infection for the population located on the banks of the Loretoyacu River (area 2, aOR: 1.39, 1.12-1.72 95% CI); however, no other factor was observed to be associated with infection caused by this parasite ( Table 2) . P. malariae infection had a strong association with patients over 60 years old (aOR: 2.28, 1.01-5.15 95%CI), as well as with symptoms such as moderate headache (aOR: 1.77, 1.03-3.03 95%CI) and vomiting (aOR: 1.81, 1.12-2.92 95%CI). By contrast, symptoms such as chills (aOR: 0.58, 0.39-0.87 95%CI) and changes in urine had little association with infection caused by this parasite (aOR: 0.44, 0.20-0.94 95%CI) ( Table 2) .
After calculating the association between the different infections (single-, double-and triple-infection) with the factors evaluated here, the results highlighted age as being an important associated variable. Regarding double infection, as age increased so did the association with this event ( (Table 3) . Regarding the geographical region analysed, tripleinfection was the only associated event (aOR: 2.86, 1.40-5.84 95%CI) ( Table 3) .
Adjusted OR were calculated for evaluating the association between pairs of Plasmodium spp. species; the results showed increased P. malariae infection frequency (aOR: 1.44, 1.01-2.06 95%CI) amongst P. vivax-infected patients; by contrast, infections involving P. malariae and P. falciparum were less associated (aOR 0.050, 0.29-0.86 95%CI) ( Table 4) .
Discussion
This has been the first study in Colombia which has sought to establish circulating Plasmodium spp. species' prevalence in an endemic region of the Amazon by means of molecular diagnostic methods. The results showed that P. vivax was the causative agent for the greatest rate of infection in the population being analysed, thereby agreeing with previous reports for tropical, subtropical and temperate regions [5, 6] . This parasite's biological attributes, such as its ability to form hypnozoites as well as other geo-environmental conditions favouring its transmission and life-cycle, may be the cause for the endemicity of this type of malaria in many Latin-American countries [5, 6, 29] .
Furthermore, variations in Plasmodium spp. species' geographical distribution may be due to differences in genetic polymorphisms, underlying parasite drug resistance and host susceptibility, in addition to mosquito vector ecology and transmission seasonality [30] ; hence, the presence and relevance of such factors must be addressed in future studies.
Interestingly, the results showed that P. malariae species represented the second causative agent for malaria in the target population, a distribution differing from reports regarding thick smear use in Colombia; in fact, no P. malariae cases were reported in the whole country in 2015 [23] . The P. malariae sporogonic cycle is the longest for Plasmodium spp. According to a study by the United Nations and IDEAM, Colombia will experience a 2.14°C temperature increase by 2100 due to the effects of climate change [31] . Increased P. malariae infection could be due to climate change affecting the region, this being mainly related to temperature rise and new weather conditions (rainfall and humidity). Such changes could reduce sporogonic cycle duration within competent vectors. It is known that a temperature increase from 20 to 28°C shortens the parasite's sporogonic cycle within a vector from 30-35 days to 14 days. Reducing the sporogonic cycle increases vector viability and survival, thereby allowing it to increase the number of infective bites during its life-cycle [32] . Prevalence not exceeding 10% has been reported in Latin-America in endemic areas of the Amazon region [2, 3] ; however, greater than 40% infection frequency has been reported in countries like Indonesia (also having malaria-endemic areas) [9] .
This discrepancy between P. malariae infection frequencies may be partly related to the fact that thick smear is used as the gold standard in most endemic areas and, given this test's limitations (i.e. inter-observer sensitivity, mixed infection and poor detection regarding low parasitaemia), it is likely that this parasite is under-registered [33] .
Many of the samples proving positive for P. malariae in this study came from double-and triple-mixed infections. Moreover, several reports where PCR-determined prevalence for mixed infection in which P. malariae has been involved, have included samples overlooked by local microscopists who examined standard thick smears on-site [11, 16] . Consequently, the thick smear could be contributing to the under-registering of P. malariae by only the most prevalent species in a mixed infection-sample being recorded, as coinfection usually implies the dominance of one of the species in it, the other one having only a few parasitic forms [34] . Routine diagnosis for P. malariae could also be limited by species miss-indentification, since some ring forms become morphologically altered in red blood cell thick smear staining [35] . Molecular biology techniques thus represent an alternative which is aimed at increasing malarial diagnosis sensitivity and specificity [24, 36] .
Although the aforementioned P. malariae prevalence was unexpected, it is worth mentioning that its presence has been reported along with the occurrence of Plasmodium brasilianum; this parasite is commonly found in New World monkeys which, phylogenetically, is the same species as P. malariae which has naturally adapted to grow in these primates following human settlement of South America within the last 500 years [18] .
The findings which have led to suggesting that P. malariae and P. brasilianium are in fact a single species concern the very high genetic identity between both parasites, differing just in a range expected to occur within a species. This would include the high similarity between their 18S sequences and the striking identities for msp-1, dhfr, cytochrome b and microsatellite DNA gene targets, whose single nucleotide polymorphisms (SNPs) are randomly distributed and as no distinctive marker has been identified so far [19, 37, 38, 39] . Furthermore, there is the crossreactivity and neutralization of P. brasilianum sporozoite infectivity of monkeys and vice versa by monoclonal antibodies against the P. malariae circumsporozoite protein (CSP) [19] , as well as evidence of in vitro and naturally-acquired infection in humans with parasites termed as being P. brasilianum [19] . Consequently, primate and human populations co-habitation, as well as the plausible transmission of parasites due to both sharing a common vector, may play a causal role in the prevalence observed for this parasite species. Further studies aimed at assessing the prevalence of different Plasmodium species within the circulating vectors may provide some insight into the possible transmission from monkeys to humans and vice versa.
This study has revealed high mixed infection prevalence, mainly by P. vivax/P. malariae, which contrasts with other reports where coinfection did not exceed 30% [10, 11] . Such cases could have been underestimated when diagnosed by routine techniques, due to the aforementioned limitations of the thick smear for accurately reporting double-and triple-infections. So far, 40 of the 500 species of Anopheles spp. have been associated with the transmission of malaria around the world, Colombia having 9 malaria transmitters [37, 38] , proving the plasticity of malaria parasites when it comes to adapting to new vectors for colonising new host populations. Furthermore, multiple parasite species can be transmitted by a single vector and can also be associated with specific species of vectors; an example of this would be mixed infection by P. falciparum/P. vivax which has been found to be related to transmission by Anopheles dirus and triple-infection by P. falciparum/P. vivax/P. malariae by Anopheles maculatus [36] .
The above highlights the importance of vector dynamics as a possible cause for the surprising prevalence of coinfection observed here, along with the odd ratios for P. vivax and P. malariae occurrence (Table 4) . Nevertheless, positive associations between P. malariae and other Plasmodium parasites have been considered to represent more likely individual differences regarding exposure or susceptibility to infection, rather than true biological interactions between the parasite species [8] . Infection by multiple species is important as it modifies the intra-host dynamics of the plasmodia infecting humans and the corresponding clinical manifestations, thus influencing infection epidemiology [39] .
Although P. falciparum has been classically associated with a more severe clinical spectrum, multiple studies worldwide have reported increasing occurrence of severe P. vivax infection, a relevant matter now on the malaria eradication agenda. This pattern has also been observed in Colombia in recent decades [40] . This study's results represent an important change in the overall epidemiological landscape for the Colombian Amazonian region, therefore affecting the underlying knowledge from which the current strategies for malaria control are designed.
Regarding the Amazon region, where about 90% of positive diagnosis by thick smear is due to P. vivax infection [39] , a therapeutic scheme for this region's population includes an initial dose of 10 mg/Kg chloroquine phosphate, followed by 7.5 mg/Kg 24 and 48 hours later, as well as 0.25 mg/Kg/day primaquine for 14 days. There is a similar scheme for P. malariae infection, but without primaquine [41] . Infection due to P. malariae and mixed P. vivax/P. malariae infection could be covered by such treatment; however, current knowledge regarding the parasite's susceptibility to the antimalarial drugs used in such schemes must be expanded due to the little that is known about the biology of P. malariae and its present under-registering. In accordance with the 3% P. vivax/P. falciparum coinfection rate found here, the use of an artemisinbased combination therapy (ACT) plus primaquine is recommended [42] .
More P. malariae infection cases being found, mainly in patients over 60, could indicate that this species can remain in the body as long asymptomatic infection. P. malariae can cause prolonged asymptomatic infection which can become reactivated decades after initial infection and manifest as an indolent illness associated with insidious weight loss, splenomegaly, anaemia, and hypergammaglobulinaemia [43] .
Considering the other combinations of mixed infections, it is paramount to define a reliable diagnostic strategy for the identification of the aetiological agent causing the disease to establish a control strategy which is species-targeted. Particularly concerning Colombia, mixed P. falciparum/P. vivax infection might lead to improper treatment for both species if either species is diagnosed alone, since falciparum circulating parasites could be resistant to first-line treatment and misdiagnosed vivax infections may not be receiving the full anti-hypnozoite treatment with primaquine. Issues such as P. falciparum resistance to chloroquine [44] highlight the importance of carrying out more studies concerning the disease's transmission potential and dynamics as therapeutic schemes usually change according to this parasite's unique attributes. The importance of suitable diagnosis for identifying Plasmodium spp. species has a direct influence on the clinical, epidemiological and pharmacological management of such infections [33] . A wrong diagnosis of malaria due to species misidentification or overlooking mixedinfections, could contribute towards the selective pressure of genotypes which are resistant to antimalarial drugs and thus lead to therapeutic failure [45] .
The present study has evaluated different factors associated with infection by Plasmodium spp. species which could act as risk factors for developing malaria, as well as some related clinical manifestations. The results showed that age was a related factor; a peak in P. malariae infection was observed here in advanced age groups. This contrasts with previous reports in which Plasmodium infection is frequently associated with young populations [8] . Further studies assessing the relevance of age groups in P. malariae infection are recommended.
Regarding factors related to the clinical manifestations of Plasmodium spp. infection, the results correlated with symptoms such as headache, vomiting and changes in urine colour; in spite of studies highlighting some of these symptoms' relationship with determined species [24, [46] [47] [48] [49] , the infection's clinical course is similar and no symptom by itself can predict a differential diagnosis for the infecting species [50] .
An important remark considering the effectiveness of bednet and insecticide use is that no correlation was found between them and malaria infection incidence. This contrasts with the known effect of this practice in limiting transmission and thus contributing towards disease control [51, 52] . Studies regarding vector response to such control measures should be performed, given previous reports suggesting vector resistance towards compounds present in insecticides [53] .
The results from analysing the combination of infection by different Plasmodium spp. species showed positive associations for P. vivax and P. malariae. The additive effects of the presence of more than one species could increase the risk of developing aggressive clinical pictures of malaria [46] . This could also lead to relapses in the exposed population, as well as increased selective pressure from drug-resistant genotypes [47] [48] [49] . Nevertheless, the underlying biological and /or socio-demographic mechanisms for this relationship are yet to be determined. This study's cross-sectional design represents a limitation since it did not allow complete characterisation of the chronology of events related to coinfection and combinations involving infecting species, i.e. it did not lead to establishing whether these events occurred simultaneously or at different moments. Likewise, clinical features regarding the participants' nutritional status were not taken into account.
In spite of the conventional treatment used for P. vivax also being able to be used for treating P. malariae, the latter still has high circulation in the Amazon trapezoid population; studies directed towards broadening knowledge of the natural history of the interactions between parasite-host aimed at establishing resistance patterns and infection dynamics are thereby needed. These should lead to effective prevention control measures and the drawing up of treatment measures for these species alone and in combination.
This study has revealed the high and important prevalence of infection and coinfection events which have possibly been under-registered to date. It has also contributed towards knowledge regarding the importance of the precise identification of the malarial parasite for correct clinical and epidemiological management. Future studies concerning vectors should be made, supporting the above conclusions drawn from the observations, as well as the ecological parasite-host relationship and environmental interactions to improve study design and control measures. 
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